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Summary
Objective: To assess the normal topographical variation of T2 relaxation time of articular cartilage in different compartments of the knee joint
and at different tissue depths in young healthy adults.
Methods: Twenty asymptomatic young adult volunteers (age range, 21e27 years; mean age, 22.5 years), were studied at 1.5 T. Both axial
and sagittal multi-slice multi-echo spin echo measurements were performed to determine the T2 relaxation time of cartilage in the femoral,
tibial and patellar compartments. The cartilage surfaces were divided into 24 segments and each segment was divided into deep and super-
ﬁcial regions-of-interest (ROIs) of equal thickness. The reproducibility for ROI analysis was assessed for ﬁve patients by determining the in-
terclass correlation coefﬁcient (ICC) and the root-mean-square coefﬁcient of variation (CVRMS).
Results: Cartilage T2 was signiﬁcantly dependent on joint topography, compartment and tissue depth. For all joint surfaces, superﬁcial T2
values were systematically higher as compared to deep tissue. The data showed a trend toward higher T2 values at the load bearing area
of the femoral condyles. The interobserver error varied signiﬁcantly among different locations and showed mostly good reproducibility with
mean ICC of 0.70 and a CVRMS of 5.0%.
Conclusion: The normal variation in cartilage T2 within a joint is signiﬁcant and should be acknowledged when pathology-related T2 changes
are investigated. The knowledge on normal variation can be used for power and sample size calculations in further studies, and the T2 values
as control data in future patient studies.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Radiographs are most commonly used to assess osteoar-
thritis (OA), and the loss of cartilage is indirectly seen as
joint space narrowing. Standard magnetic resonance imag-
ing (MRI) techniques provide a direct morphological assess-
ment of the articular cartilage. However, sensitivity to early
cartilage degeneration occurring prior to morphological
changes is limited. Recently several new quantitative MRI
techniques for cartilage imaging, such as sodium MRI,
T1r relaxation, T2 relaxation and delayed gadolinium en-
hanced MRI of cartilage (dGEMRIC), have been introduced
to assess different aspects of the extracellular matrix of ar-
ticular cartilage1. T2 relaxation time mapping is one of the
most investigated techniques. It provides information about
the structural integrity of the extracellular matrix, speciﬁcally
of the collagen network. T2 relaxation time measurements
have previously been related to the integrity2 and arrange-
ment3e5 of the collagen network through the magic angle ef-
fect, as well as collagen6 and water content7. T2 has been
reported to increase in spontaneous degeneration of bovine
cartilage8, OA9,10 and with age11. Recently, however,
a shortening of T2 with collagen depletion has been re-
ported in a single study12. A signiﬁcant correlation between*Address correspondence and reprint requests to: Dr Ilkka
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1570T2 relaxation time and the mechanical properties of ani-
mal13,14 and human articular cartilage15,16 has been re-
vealed. Regional differences in signal intensity are
typically observed on clinical T2-weighted MR images,
and it has been argued that these variations cannot be
solely accounted for by the magic angle effect17.
Both the biochemical and biomechanical properties of ar-
ticular cartilage are known to vary with location of the knee
joint18, and thus a variation in relaxation times can be ex-
pected. The topographical variation in T2 relaxation time
of knee cartilage in young healthy adults in vivo has not
been systematically assessed before. In order to identify
signiﬁcant pathology-related T2 changes it is essential to
understand the range and the degree of normal variation
of this important MRI parameter. Thus, the present study
aimed to assess the normal topographical variation of T2 re-
laxation time of articular cartilage in different compartments
of the knee joint and at different tissue depths in a homoge-
nous group of asymptomatic young adults. To accomplish
this, cartilage T2 was measured in asymptomatic adult vol-
unteers in regions recently proposed for quantitative MRI
assessment of cartilage19.Material and methods
The study protocol was approved by local institutional review board and
written informed consent was obtained from all participants. Twenty adult vol-
unteers (age range, 21e27 years; mean age, 22.5 years), including 10 males
and 10 females, were enrolled to the study. Prior knee trauma, surgery or
medical history of disease involving cartilage was used as exclusion criteria.
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aged at 1.5 T (GE Signa TwinSpeed 1.5 T, GE Healthcare, Milwaukee, WI)
using a transmit/receive knee coil (GE Quadrature knee coil, GE Healthcare,
Milwaukee, WI). Both axial and sagittal multi-slice multi-echo spin echo mea-
surements with an improved slice proﬁle were performed (TR¼ 1000, eight
echoes with TE¼ 10e80 ms, FOV¼ 140 105 mm, 256 192 matrix,
3 mm slice thickness). A workstation (Advantage Windows 4.0, GE Health-
care, Milwaukee, WI) with GE Functool software was used to perform
mono-exponential ﬁtting to determine T2 relaxation maps.
Central sagittal slices of the medial and lateral tibiofemoral joint as well as
medial and lateral patellar facets (sagittal) and superior and inferior halves
(axial) of patellae were chosen for T2 analysis, as the in-plane curvature is
at its lowest in the central portion of the condyles. All the subjects were an-
alyzed by one reader and for the assessment of reproducibility ﬁve subjects
were analyzed by a second reader. The cartilage surfaces were divided into
24 segments for region-of-interest (ROI) analysis. The nomenclature as pro-
posed by Eckstein et al.20 was used after modiﬁcations as outlined below.
Additional preﬁxes were added to the nomenclature to identify the segments
that were greater in number than as proposed before (Figs. 1 and 2). The
cartilage of the lateral femoral condyle was divided into six segments [troch-
lea of the lateral femur (lTrF), central lateral femur (cLF) and posterior lateral
femur (pLF)] were divided in equal sized halves (‘‘a’’ for anterior and ‘‘p’’ for
posterior) and the medial condyle into four segments [central medial femur
(cMF) and posterior medial femur (pMF)] were divided in equal sized halves
[anterior (a) and posterior (p)]. From medial femur the trochlea could not be
analyzed as the trochlea was not visualized in the same slice as the central
and posterior femoral condyle. The tibial condyles were divided in three seg-
ments [anterior (a), central (c) and posterior (p)] in both medial (MT) and lat-
eral condyle (LT). The patellar cartilage was divided into four segments
[superior (s), inferior (i), lateral (l) and medial (m)] both in sagittal (sag) and
axial (ax) images. Each segment was divided into deep (dz) and superﬁcial
zones (sz) of equal thickness. The zonal division here does not correspond
to the histological zones of cartilage as determined by the collagen orienta-
tion but is merely a division into the more superﬁcial and deep halves of car-
tilage. In the sagittal imaging plane there were artifacts disabling T2 mapping
of patellar cartilage in two cases in both medial and lateral facet and there
were additional two cases where lateral facet could not be assessed.
Statistical analysis of T2 values was performed with Statistical Package
for Social Sciences (SPSS) software (SPSS Inc., Chicago, IL). The Man-
neWhitney test was used to test the differences between genders. The dif-
ferences between different segments and zones were analyzed with the
non-parametric Wilcoxon ranks test. Additionally, the Friedman post hoc
test was used for comparing different segments within a condyle. A P value
of less than 0.05 was considered as an indication of statistical signiﬁcance.
In order to assess the reproducibility of the ROI analysis for different
readers, root-mean-square average coefﬁcient of variation (CVRMS) and
the interclass correlation coefﬁcient (ICC) for single measures were calcu-
lated for each region.Results
T2 values were measured from altogether 466þ 120 seg-
ments. In four subjects part of the anterior segments could
not be analyzed because of a wrap-around artifact in the
sagittal images. T2 values showed signiﬁcant variationFig. 1. The division and nomenclature of the femoral and tibial cartilage se
iﬁcations was used, lTrF, cLF, pLF, cMF and pMF. Additional preﬁxes ad
posterioacross the cartilage depth and between different sites
(Fig. 3). In all segments the T2 values of the superﬁcial
zone were signiﬁcantly higher than in the deep zones
(P< 0.05). T2 did not show any statistically signiﬁcant differ-
ences between male and female subjects (P¼ 0.105e1.000
for different segments). There were statistically signiﬁcant
differences between right and left knees in cLT and pLT in
both the superﬁcial and deep zones and in the deep zone
of inferior medial quadrant of patellar cartilage in the axial
plane (P< 0.05), the left knee showing higher values.
In both the superﬁcial and deep zones, the lateral condyle
had statistically signiﬁcantly higher T2 values in acLF and
pcLF segments as compared to the corresponding seg-
ments in the medial condyle (acMF and pcMF). In the tibial
condyles, cMT had signiﬁcantly higher values as compared
to cLT. When the segments within a condyle were com-
pared (Fig. 3), signiﬁcant differences were observed be-
tween different sites of the medial femoral condyle
(superﬁcial zone: acMFepcMF and acMFeapMF; deep
zone: acMFeapMF, acMFeppMF and pcMFeapMF; seg-
ments mentioned ﬁrst had lower values). Correspondingly,
differences were observed also in the lateral femoral con-
dyle (superﬁcial zone: acLFealTrF, plTrFepcLF, acL-
FepcLF, acLFeapLF and ppLFepcLF; deep zone:
ppLFealTrF). In the tibial condyle, a signiﬁcant difference
was found between deep zones of cLT and aLT, the ante-
rior segment having a higher value.
For patellae, the values of the lateral and the medial as
well as the superior and the inferior segments were com-
pared (Fig. 3). There was a statistically signiﬁcant difference
between the superior and inferior segments of the medial
facet in both deep and superﬁcial zones in both imaging
planes, the superior segment having higher values. There
was no such difference in the lateral facet. There was a sta-
tistically signiﬁcant difference between the medial and lat-
eral segments in the deep zone of the superior patella in
the sagittal imaging plane, the medial facet showing higher
values (P< 0.05) and in the axial plane the medial facet of
the inferior patella showing higher values both in the super-
ﬁcial and deep zone (P< 0.01 and P< 0.05, respectively).
Only in the deep zone of the medial superior segment there
was a statistically signiﬁcant difference in the T2 times be-
tween imaging planes, those measured from the sagittal im-
ages being higher than from the axial images. No other
statistically signiﬁcant difference was found between imag-
ing plane orientation.gments. The proposed nomenclature by Eckstein et al.20 after mod-
ded to the proposed nomenclature are ‘‘a’’ for anterior and, ‘‘p’’ for
r.
Fig. 2. The division and nomenclature of the patellar cartilage segments. The proposed nomenclature20 after modiﬁcations was used, lateral
patella (lP) and medial patella (mP). Additional preﬁxes added to the proposed nomenclature are ‘‘s’’ for superior, ‘‘i’’ for inferior, ‘‘ax’’ for axial
imaging plane and ‘‘sag’’ for sagittal imaging plane.
1572 I. Hannila et al.: Topographical variation of T2 relaxation timeThe interobserver error of the T2 measurements for the
various segments was assessed. The ICC for different seg-
ments ranged widely between 0 and 0.979, mean 0.70. The
precision error (CVRMS) ranged between 1.79 and 14.18%
with a mean of 5.0% (Table I).Discussion
In this study, the depth-wise and topographical variation
of cartilage T2 in vivo was assessed. T2 values were signif-
icantly higher in the superﬁcial zone as compared to the
deep tissue at all locations (10% and 4 ms difference on av-
erage). This ﬁnding is consistent with previous reports on
depth-wise variation of T221. Moreover, prior microscopic
MRI and polarized light microscopic studies have demon-
strated, that the laminar appearance of T2 is strongly de-
pendent on anisotropic orientation of collagen ﬁbers at
different histological zones of cartilage3,4,22. The articular
cartilage can be divided in three different zones according
to different collagen ﬁbril orientation. The tangential or su-
perﬁcial zone, where collagen ﬁbrils are arranged in parallel
to the articular surface, the transitional zone, where colla-
gen ﬁbrils are more randomly orientated and the radial or
deep zone, where collagen ﬁbrils are preferentially orien-
tated perpendicular to subchondral bone.For femoral condyles, the topographical variation shows
a trend toward higher T2 values at the load bearing area
of the femoral condyles for both deep and superﬁcial zones,
this can partly be explained by the magic angle effect, since
the weight bearing area is nearby the 55 to the static mag-
netic ﬁeld (B0). At this angle, the dipolar interaction reaches
its minimum and T2 relaxation time of arranged collagen
structures reaches its maximum23. In the present work,
the change in T2 of both superﬁcial and deep ROIs coin-
cides with the orientation relative to the B0 ﬁeld. The ob-
served change in the superﬁcial ROI suggests that these
regions also contain arranged collagen ﬁbrils due to the av-
eraging of different histological zones. Since the superﬁcial
ROI in MRI contains the tissue of the transitional zone with
its unarranged collagen ﬁbrils, this ﬁnding suggests differ-
ences in macromolecular composition and structure play
an important role in cartilage T2 at each location in the
knee. Yet, a previous in vivo study reported that the varia-
tion of T2 with orientation to the B0 was less than the effect
of orientation reported in ex vivo studies17. Besides the
magic angle effect, cartilage T2 is known to be affected
by collagen content6 and tissue hydration7.
For tibial condyles, the topographical variation shows
a trend toward higher T2 values at the peripheral or subme-
niscal area of the tibial cartilage as compared to the central
area for deep zones. In a previous in vitro study, Goodwin
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Fig. 3. The T2 values (meanSD) of the segments analyzed in
deep and superﬁcial zones. (A) Femoral condyles. (B) Tibial con-
dyles. (C) Patella. The nomenclature is presented in Figs. 1 and
2. N¼ 20 except in alTrF, sagsmP and sagimP (n¼ 18), and sagslP
and sagilP (n¼ 16). Statistically signiﬁcant differences are marked
with brackets, *P< 0.05, **P< 0.01, ***P< 0.001.
Table I
The ICC and the CVRMS of the segments analyzed in deep and
superficial zones (n¼ 5). The nomenclature is presented in
Figs. 1 and 2
Cartilage
segment
ICC CVRMS (%)
Deep
zone
Superﬁcial
zone
Deep
zone
Superﬁcial
zone
acMF 0.83 0.77 6.0 4.3
pcMF 0.65 0.66 7.9 6.7
apMF 0.95 0.84 4.2 2.2
ppMF 0.77 0.66 3.5 3.2
alTrF 0.57 0.62 5.7 3.8
plTrF 0.00 0.00 9.0 7.2
acLF 0.81 0.54 9.4 7.2
pcLF 0.53 0.71 3.1 8.2
apLF 0.77 0.74 3.5 2.9
ppLF 0.86 0.95 2.7 2.9
aMT 0.16 0.00 14.2 12.6
cMT 0.96 0.80 3.4 2.4
pMT 0.00 0.85 6.0 9.7
aLT 0.00 0.33 8.1 6.4
cLT 0.98 0.86 3.3 2.7
pLT 0.97 0.78 5.7 3.4
sagsmP 0.96 0.63 5.8 3.5
sagimP 0.94 0.88 3.9 2.2
sagslP 0.91 0.89 2.1 3.0
sagilP 0.60 0.77 3.7 7.3
axsmP 0.97 0.96 1.8 2.6
aximP 0.86 0.85 3.2 5.1
axslP 0.58 0.64 2.8 3.4
axilP 0.77 0.92 2.2 5.6
1573Osteoarthritis and Cartilage Vol. 17, No. 12et al. demonstrated substantial variation in cartilage T2 be-
tween the central and peripheral regions of the tibial plateau
in the coronal plane corresponding to variation in collagen
ﬁber orientation seen with freeze fracture techniques24
Due to the circumferential shape of meniscus and tibial con-
dyle the morphology of tibial cartilage is likely to be same
also in the sagittal imaging plane. Goodwin et al. showedthat when moving toward the periphery collagen ﬁbrils of
the deep zone are not perpendicular to the subchondral
bone but arcade toward the edge of the joint, and T2 is ex-
pected to become longer with collagen ﬁbrils approaching
the orientation of the magic angle. The present in vitro re-
sults are in agreement with the in vitro ﬁndings, showing
a trend of longer T2 at the peripheral ROIs of the tibia. Sim-
ilarly, anomalous collagen orientation and prolonged T2
values have been reported in deep cartilage at the periph-
ery of the beagle humeral head25.
For patellar cartilage, there was a signiﬁcant difference
between the superior and inferior segment of the medial
facet in both deep and superﬁcial zones in both imaging
planes. This is evidence on regional T2 differences be-
tween different patellar contacting points. Furthermore,
there were signiﬁcant differences between medial and lat-
eral facets in the sagittal plane in the superior pole and in
the axial plane in the inferior pole of the patella. Moreover,
the T2 relaxation time in the deep ROI of the medial supe-
rior segment of patellar cartilage was signiﬁcantly different
from that in the axial plane. This is likely to be due to the dif-
ferent tissue included in the measured segments and the re-
ported variation of biochemical properties of human patellar
cartilage18. These are evidence on regional T2 differences
between different imaging planes and that the assessment
of T2 mapping of the whole knee joint may not be possible
from maps in a single imaging plane. Due to the variability
of patellar cartilage T2, it could be useful to divide the
patella into four quadrants and not only into the medial
and lateral facets, as performed in the present study.
The reproducibility of T2 measurements between two dif-
ferent readers varied signiﬁcantly among different locations.
The mean ICC was 0.70 indicating moderate correlation
while the mean CVRMS was 5.0% indicating very good
1574 I. Hannila et al.: Topographical variation of T2 relaxation timereproducibility. However, the posterior part of the femoral
trochlea as well as the submeniscal regions of tibial con-
dyles showed poor correlation. The areas with worst ICC
and CVRMS were associated with ROIs with a small size.
Imaging patients with thinner cartilage will result in thinner
ROIs and is likely to weaken reproducibility. It is also note-
worthy, that dividing thinned cartilage into superﬁcial and
deep ROIs will not correspond to the same tissue as for
healthy subjects.
The standard deviations (SDs) for ROIs ranged between
2.4 (acLF superﬁcial ROI) and 5.6 ms (apMF superﬁcial
ROI). The information on normal variation can be further
used for power and sample size calculations when future
studies are designed. For example, for a two-treatment par-
allel study with an 80% probability to detect a treatment dif-
ference at 5% signiﬁcance level, considering the maximum
normal variation of 5.6 ms, as observed in the present
study, would require 21 subjects per group26. The variation
observed in the present study corresponds to coefﬁcients of
variation between 5.3 and 11.0%. For data with normal dis-
tribution a change of 1.96SD is regarded as the threshold
for a statistically signiﬁcant change, and would correspond
to a change of 4.7e11.0 ms depending on the T2 value of
ROIs in the present study. Previously, compartment-wise
z-scores have been computed to reveal cartilage pixels
with signiﬁcantly elevated T2 values10. Due to the signiﬁ-
cant variation in T2 between different segments, this ap-
proach should be further extended to utilize the reference
T2 values separately for each segment to provide more ac-
curate detection of tissue areas with elevated T2 relaxation
time.
In consistence with a previous report, there were no dif-
ferences in T2 relaxation time of cartilage between genders
in the present study27. A signiﬁcant difference in T2 values,
however, was observed between left and right knees in cen-
tral and posterior lateral tibia in both the superﬁcial and
deep zones and in the deep zone of inferior medial quad-
rant of patellar cartilage in the axial plane. There is no
known physiologic explanation for this difference and this
may represent a systematic error of measurement. The
transmit/receive knee coil may couple to the body coil differ-
ently depending on the position of the knee coil in the scan-
ner resulting in a difference in the generated B1 ﬁeld, and
thus could affect the measured T2 values.
Several limitations pertain to this study. First, the inhomo-
geneous appearance of T2 of the articular cartilage is highly
dependent on the cartilage orientation with respect to the
static magnetic ﬁeld3,5. Thus the positioning of the patient
in the magnetic ﬁeld and the coil is of great importance,
and could be further improved with the use of a speciﬁc po-
sitioning device. In the present study the positioning was
done by a single person in all of the measurements to min-
imize intersubject variability in positioning. Reproducibility,
however, was not evaluated and should be determined in
future studies. Second, the selected sequence design has
been reported to considerably affect the absolute T2 relax-
ation time values measured for cartilage28,29. Stimulated
echoes of multi-echo sequences for T2 measurements in-
troduce substantial inaccuracy, an issue that hinders the
comparison of T2 values reported in different studies and
scanners. Thus the direct applicability of the absolute
values of the present results are limited to users who
have access to the speciﬁc imaging sequence, although ap-
propriate sequence/vendor speciﬁc correction factors could
be determined. Third, the selected imaging and segmenta-
tion strategy pose several limitations. Measurements were
limited to the central portion of the condyles, where thein-plane curvature is at its lowest and into superﬁcial and
deep ROIs. Although in-plane curvature is a potential
source of error in T2 mapping, it is essential to assess all
of the cartilage covering knee joint in the future. Imaging
in the coronal plane would be useful when imaging
peripheral areas of the knee joint. Division of the cartilage
into two halves will result in averaging of different histolog-
ical zones of cartilage into a ROI. The in-plane resolution
which is inferior to typical diagnostic sequences is likely to
have an effect on segmentation accuracy. Fourth, in
a curved joint surface each ROI is composed of tissue
with varying orientation with respect to the B0 ﬁeld. While
this segmental division is an improvement from the ap-
proach to average the T2 of the entire cartilage20, it still is
relatively primitive and more sophisticated approaches
should be developed. Cartilage could be divided into
smaller segments, however, this has the drawback of
reduced reproducibility, as observed in the present study.
Finally, this study did not control for potential diurnal varia-
tion and effect of exercise in articular cartilage, although all
the measurement was performed in the afternoon. In a study
by Mosher et al. a signiﬁcant increase in T2 of superﬁcial
cartilage was observed 30 min after of jogging30 which is
evidence on the effect of loading on the relaxation proper-
ties of cartilage It is unlikely, however, that the differences
in cartilage T2 in present study are related to exercise.
The considerable depth-wise and topographical variation
observed in cartilage T2 at different joint surfaces indicates
the need for a comprehensive assessment of different joint
locations and cartilage depths for a reliable assessment of
T2 of articular cartilage. The degree of variation is
considerable and thus in a full-thickness or full-joint ROI
measurement any anticipated T2 changes may be masked
by the normal variation of T2 and thus their use is not rec-
ommendable. The knowledge on normal variation can be
used for power and sample size calculations when future
studies are designed.Conﬂict of interest
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